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Right ventricular diastolic collapse has been demon•
strated to be a sensitive and specific sign of cardiac tam•
ponade. Because the shape and position of the right ven•
tricular wall are related to the relative pressures within 
the pericardial space and the right ventricular chamber, 
the usefulness of right ventricular diastolic collapse as a 
marker of cardiac tamponade may be influenced by in•
travascular volume and right heart filling pressures. This 
study was undertaken to determine the effects of volume 
loading and hemorrhage on the point within the hemo•
dynamic progression of cardiac tamponade at which right 
ventricular diastolic collapse first appears. 
Five unanesthetized, chronically instrumented dogs 
were studied with two-dimensional echocardiography 
during 41 episodes of cardiac tamponade induced by the 
intrapericardial infusion of warm saline solution. Intra•
vascular volume was adjusted before cardiac tamponade 
Cardiac tamponade is a hemodynamic abnormality resulting 
from the accumulation of pericardial effusion under pres•
sure. It is not a single discrete event but rather a progression 
with an end point of hemodynamic collapse (1-5). Rapid 
accumulation of fluid in the pericardial space exerts an ex•
ternal pressure on all cardiac chambers. Because the atria 
and the right ventricle are more compliant, they are subject 
to the largest effects of such compression. As the intraper-
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to a hypovolemic, euvolemic or hypervolemic state using 
saline solution and dextran infusion or hemorrhaging to 
achieve the prescribed mean right atrial blood pressure. 
The measurements recorded during each episode of car•
diac tamponade were right atrial blood pressure, aortic 
blood pressure, cardiac output (by electromagnetic flow 
meter), heart rate and intrapericardial pressure. When 
compared with the euvolemic state, the onset of right 
ventricular diastolic collapse in volume contraction oc•
curred at a lower intrapericardial pressure (with a lower 
aortic blood pressure and cardiac output), whereas in 
volume expansion it occurred at a higher intrapericar•
dial pressure (with a higher aortic blood pressure and 
cardiac output). Volume expansion delayed the decrease 
in hemodynamic variables during cardiac tamponade in 
this canine model. 
(J Am Coil CardioI1985;6:L057-63) 
icardial pressure increases, there is direct impairment of 
right atrial filling and ultimately right ventricular filling, 
which leads to hemodynamic deterioration. Efforts have 
therefore been made to find ways to detect the degree of 
cardiac tamponade noninvasively so that therapeutic inter•
ventions can be offered without delay. 
Recently, two-dimensional echocardiography has proved 
to be very useful in the evaluation of cardiac tamponade. 
Right ventricular diastolic collapse and right atrial collapse 
are known to be both sensitive and specific markers of 
cardiac tamponade (6-10). Although the onset of right ven•
tricular diastolic collapse in subjects with normal intravas•
cular volume is associated with a 20% decrease in cardiac 
output from that present when the pericardial space is empty, 
this sign precedes the precipitous decrease in arterial blood 
pressure seen at hemodynamic collapse (2,3,11). 
The dramatic deterioration of hemodynamic variables 
during cardiac tamponade has prompted a number of in-
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vestigations into interventions that might favorably influence 
cardiac performance and forestall cardiovascular collapse. 
Conditions that affect right ventricular filling pressure, for 
example, have been shown to influence the progression of 
cardiac tamponade. In both open chest (12, 13) and closed 
chest spontaneously breathing (14,15) canine models of acute 
cardiac tamponade, volume loading has been associated with 
improved cardiac output, increased arterial blood pressure 
and, in some instances, improved perfusion of major organs 
(12-15). Pharmacologic agents that, when used alone, lower 
right ventricular filling pressure fail to improve the hemo•
dynamic decline despite other potentially beneficial actions 
(16). Although the therapeutic value of maneuvers that in•
crease right ventricular filling pressure in humans has been 
questioned (17), they have long been advocated in the acute 
treatment of cardiac tamponade (1,16), whereas hypovo•
lemia seems to hasten the hemodynamic deterioration 
(3,18,19). In this study, we tested the hypotheses 1) that 
hypovolemia causes the echocardiographic sign of right ven•
tricular diastolic collapse to occur with smaller increases of 
intrapericardial pressure and, therefore, earlier in the hemo•
dynamic progression of cardiac tamponade, and 2) that in•
creased intravascular volume has the opposite effect. 
Methods 
Five adult mongrel dogs weighing 24 to 29 kg were 
selected for study and screened for parasites. Using methods 
previously outlined (2, II), a chronically instrumented con•
scious model of inducible cardiac tamponade was surgically 
prepared which permitted the measurement of right atrial 
blood pressure, aortic blood pressure, cardiac output, heart 
rate and intrapericardial pressure. 
Protocol. Five days after surgery, the conscious animal 
was brought to the laboratory and allowed to stand com•
fortably in a sling. One pericardial, the right atrial and the 
aortic catheters were attached directly to Statham P23Db 
pressure transducers (Statham Instrument Company) with 
the zero pressure reference point one-third of the distance 
between the sternum and the spine. The electrocardiogram 
and aortic blood flow were recorded continuously and res•
pirations were measured using a Whitney gauge placed around 
the thorax. The Millar pressure transducer zero pressure 
reference level was adjusted using the fluid-filled aortic cath•
eter as a reference. Three separate intravascular volume 
states were investigated using mean right atrial blood pres•
sure as an index: hypovolemia ( - 2 to - 6 mm Hg), eu•
volemia (0 to 4 mm Hg) and hypervolemia (6 to 10 mm 
Hg). Sterile normal saline solution and dextran 40 (Rheo•
macrodex 10%, Pharmacia Laboratories) were used to in•
crease intravascular volume while hemorrhaging was used 
to decrease the mean right atrial blood pressure to the pre•
scribed limits. We chose to use a combination of normal 
saline solution and dextran to volume load the animals be-
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cause in preliminary experiments, we found that normal 
saline solution alone was not retained for an adequate period 
and dextran alone was too expensive. Before the hemor•
rhage, each animal received heparin anticoagulation therapy 
(10,000 U USP intravenously), and all shed blood was re•
placed at the conclusion of the experimental period. Baseline 
data at each intravascular volume state were recorded after 
the pleural and pericardial cavities were drained, 5 to 10 cc 
of normal saline solution was replaced in the pericardial 
space, and a hemodynamic steady state had been achieved. 
Cardiac tamponade was produced by continuous infusion 
of warmed normal saline solution into the pericardial space 
at a rate of 20 ml/min using a Masterflex infusion pump 
(Cole Parmer Instrument Company). During the infusion, 
hemodynamic data were continuously recorded using an FM 
tape recorder (A. R. Vetter Company) and a Gould strip•
chart recorder (model 2800, Gould, Inc.). 
Short-axis two-dimensional echocardiograms were ob•
tained with a hand-held transducer in the right fourth or 
fifth intercostal space using an Irex HSP-I phased array 
ultrasonoscope (Johnson and Johnson). The echocardio•
graphic data were recorded on video tape using a Sony 
Betamax video cassette recorder (Sony Corporation). The 
echocardiograms were reviewed by two independent ob•
servers in real time, and right ventricular diastolic collapse 
was considered present if there was any indentation or ab•
normal inward motion of the right ventricular free wall or 
right ventricular outflow tract during diastole. 
The order of exposure to each volume state was random, 
and once a steady state baseline at any volume level was 
established, intrapericardial saline infusion was performed 
without further volume adjustment, to the level of decom•
pensated cardiac tamponade. The latter was defined as a 
decrease in mean aortic blood pressure to 70% of the level 
present when the pericardium was empty (baseline). The 
pericardial fluid was then immediately removed and the 
mean right atrial blood pressure was measured to be certain 
that the intravascular volume level remained within the pre•
scribed limits. All hemodynamic data were averaged over 
a 30 second period at baseline, at each 2 mm Hg increment 
of intrapericardial pressure above baseline, at the onset of 
right ventricular diastolic collapse and at decompensated 
cardiac tamponade. The 30 second data file included several 
respiratory cycles, thus negating possible error in measuring 
data from subsets of a single cycle. A maximum of three 
experiments were performed in a single day on a given 
animal with sufficient time allowed for recovery between 
episodes of cardiac tamponade. All studies were performed 
between 5 and 15 days after surgery and each dog underwent 
7 to 11 experiments (mean 8). In vivo and in vitro electro•
magnetic flowprobe calibration and necropsy were per•
formed on all animals as previously described (2, II). 
Data analysis. All data were stored on analog magnetic 
tape and subsequently tranferred to a digital computer (DEC 
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LSI 11123), Using sequential interactive programs, individ•
ual beats in the 30 second file were defined, respiratory 
phases were established and mean pressures for intervals 
were calculated. The timing of each interval with respect 
to the onset of right ventricular diastolic collapse was re•
corded, and when all the data intervals had been tallied, a 
final file was created for statistical analysis. 
Statistical analysis. Paired t tests were used to compare 
initial values (baseline) and values at right ventricular di•
astolic collapse for right atrial blood pressure, aortic blood 
pressure, cardiac output, heart rate, stroke volume and change 
in intrapericardial pressure from baseline (20). Differences 
among hypovolemic, euvolemic and hypervolemic states at 
right ventricular diastolic collapse were tested using a two•
way analysis of variance with the dog as the block effect 
(20). Multivariate regression analysis was used to model 
the rela~ion between mean aortic blood pressure, mean car•
diac output, percent of initial cardiac output and mean heart 
rate versus increase in intrapericardial pressure from base•
line. The model was built using a stepwise procedure that 
accounted for dog and day and allowed for both a linear 
and a nonlinear relation (21). Comparisons between curves 
were made using small sample t tests for common curvature, 
slope and intercept (21). 
Results 
Forty-one separate episodes of cardiac tamponade in five 
conscious, unanesthetized animals were analyzed. Table 1 
displays the mean hemodynamic data ± SEM for each 
intravascular volume group at the initiation of the experi•
mental run (baseline) and at the onset of right ventricular 
diastolic collapse. Statistically significant levels from paired 
t tests comparing the baseline state with the onset of right 
ventricular diastolic collapse are recorded. The mean initial 
right atrial blood pressures for each group are shown and 
lie within the ranges previously prescribed. 
Hemodynamic measurements during euvolemia, hy•
povolemia and hypervolemia. Adjustments of intravas•
cular volume produced a distinct and predictable range of 
baseline mean aortic blood pressures (p < 0.001 for any 
comparison between groups). Mean initial cardiac output 
during hypovolemia was significantly lower than during eu•
volemia (p < 0.001) and significantly higher than during 
euvolemia for the hypervolemic trials (p < 0.05). At the 
onset of right ventricular diastolic collapse, the magnitude 
of intravascular volume had a significant influence on the 
mean aortic blood pressure and cardiac output. Mean aortic 
blood pressure was 105.2 ± 2.0 mm Hg in euvolemic dogs, 
89.8 ± 2.4 mm Hg in hypovolemic dogs (p < 0.001 versus 
euvolemia) and 120.1 ± 2.1 mm Hg in hypervolemic dogs 
(p < 0.001 versus euvolemia). Similarly, at the onset of 
right ventricular diastolic collapse, the mean cardiac output 
for the different volume states varied significantly compared 
with euvolemia: hypovolemia 2.79 ± 0.28 liters/min (p < 
0.001) euvolemia 5.17 ± 0.38 liters/min and hypervolemia 
6.09 ± 0.44 liters/min (p < 0.05). Furthermore, the in•
crease in intrapericardial pressure from baseline needed to 
produce ventricular diastolic collapse varied directly with 
the magnitude of intravascular volume (p < 0.02 hypovo•
lemia versus euvolemia; p < 0.001 hypervolemia versus 
e\lvolemia). 
Aortic blood pressure versus intrapericardial pres•
sQre. Figure 1 graphically displays the relation between 
mean aortic blood pressure and mean increase in intraperi•
cardial pressure for all episodes of cardiac tamponade during 
each volume state. As for all figures in this study, the best 
fit curves have been extended only to the point of the mean 
final intrapericardial pressure for each intravascular volume 
state: 12.8 ± 0.7 mm Hg for hypovolemia, 13.3 ± 0.7 
mm Hg for euvolemia and 16.4 ± 0.8 mm Hg for hyper•
volemia. The relation of mean aortic blood pressure and 
change in intrapericardial pressure describes three nearly 
parallel lines for each volume state that are significantly 
Table 1. Mean (± SEM) Hemodynamic Data During Cardiac Tamponade for Each State of Hydration at Baseline and at the Onset 
of Right Ventricular Diastolic Collapse (RVDC) 
State of Hydration RABP (mm Hg) ABP (mm Hg) CO (liters/min) HR (beats/min) SV (cc) d IPP (mm Hg) 
Hypovolemia 
Baseline - 3.42 ± 0.40 90.1 ± 3.4}NS 2,97 ± O.27}NS 146.6 ± 5,2 } NS 20.44 ± 1.30 }* 
RVDC 89.8 ± 2.4 2.79 ± 0,28 154,6 ± 6,0 18,27 ± 1.72 3.94 ± 0.47 
Euvolemia 
Baseline 1.99 ± 0.35 109.0 ± 2,6} NS 5,78 ± 0.46 }t 124.2 ± 5.4 } ~ 47.05 ± 3,08 }+ 
RVDC 105.2 ± 2.0 5.17 ± 0.38 147.4 ± 5,0 + 36.70 ± 2.87 6.15 ± 0.66 
Hypervolemia 
Baseline 8,58 ± 0.35 131.0 ± 3,2 }+ 6,93 ± 0.48 } + 134.4 ± 5,3 } * 51.50 ± 3.49 }+ 
RVDC 120,1 ± 2.1 6.09 ± 0.44 144,5 ± 5,3 42.10 ± 2,89 10,28 ± 1.00 
*p < 0,05, tp < 0,01, +p < 0.001. ABP = aortic blood pressure; CO = cardiac output; dIPP = change in intrapericardial pressure from the 
baseline for each volume state; HR = heart rate; NS = not significant; RABP = right atrial blood pressure; SV = stroke volume, 
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Figure 1. Relation of mean aortic blood pressure and increase in 
intrapericardial pressure (observed intrapericardial pressiIre - ini•
tial intrapericardial pressure) during cardiac tamponade for each 
intravascular volume state. The curves are different from each 
other (p < 0.001 for any comparison), and the poiht of onset 
(arrows) of right ventricular diastolic collapse (RVDC) is different 
for each volume state (p < 0.001 for any comparison). 
different from each other (p < 0.001 for any comparison). 
When compared with the euvolemic state, the mean aortic 
blood pressure at the onset of right ventricular diastolic 
collapse was significantly higher in the volume-loaded dogs 
(p < 0.001) and lower in the hypovolemic dogs (p < 0.001). 
Cardiac output versus intrapericardial pressure. Fig•
ure 2 illustrates the relation of mean cardiac output and 
change in intrapericardial pressure for the three volume states. 
Figure 2. Relation of mean cardiac output and increase in intra•
pericardial pressure during cardiac tamponade for each intravas•
cular state. The curves all differ significantly from each other 
(p < 0.05 for any comparison). The cardiac output at the onset 
(arrows) of right ventricular diastolic collapse (RVDC) during 
euvolemia differs from that during hypovolemia (p < 0.001) and 
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The three qIrves are significantly different in all compari•
sons (p < 0.05). In volume-loaded dogs the onset of right 
ventricular diastolic collapse occurred at a higher change in 
intrapericardial pressure (10.28 ± 1.00 mm Hg [hyper•
volemia] versus 6.15 ± 0.66 mm Hg [euvolemia], p < 
0.001) and at a higher mean cardiac output than in euvolemic 
animals (p < 0.05). Similarly, in hypovolemic animals the 
onset of right ventricular diastolic collapse occurred at a 
lower mean change in intrapericardial pressure (3.94 ± 0.47 
mm Hg [hypovolemia] versus 6.15 ± 0.66 mm Hg [eu•
volemia], p < 0.025) and at a lower mean cardiac output 
than in euvolemic animals (p < 0.001). 
We calculated the percent change in mean cardiac output 
from baseline and related this to the change in intraperi•
cardial pressure during cardiac tamponade for each volume 
state (Fig. 3). There is no statistical difference between the 
curves for the hypovolemic and euvolemic states. Each of 
these two curves, however, is different from the hypervo•
lemic curve (p < 0.001 for both comparisons). 
Heart rate versus intrapericardial pressure. Figure 4 
displays the relation between mean heart rate and the in•
crease in intrapericardial pressure for each volume state 
during ali episodes of cardiac tamponade. The hypovolemic 
and euvolemic curves are not different; however, the hy•
pervolemic curve differs significantly from the others (p < 
0.01). The initial mean heart rate in hypovolemic dogs was 
higher than in euvolemic (p < 0.01) or hypervolemic (p < 
0.05) dogs. At the point of the onset of right ventricular 
diastolic collapse, the mean heart rates did not significantly 
differ among the three groups. 
Right ventricular diastolic collapse. Two-dimensional 
short-axis parasternal echocardiograms of good quality were 
Figure 3. Relation between the percent of initial cardiac output 
and increase in intrapericardial pressure during cardiac tamponade 
for each volume state. The hypovolemic and euvolemic curves do 
not differ, but each is different from the hypervolemic curve 
(p < 0.001 for both comparisons). 
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Figure 4. Relation of mean heart rate and increase in intraperi•
cardial pressure during cardiac tamponade for each intravascular 
volume state. The hypovolemic and euvolemic curves do not differ, 
but each is different from the hypervolemic curve (p < 0.0 I for 
both comparisons). Mean heart rates at the onset (arrows) of right 
ventricular diastolic collapse (RVDC) do not differ significantly 
among the three volume states. 
obtained in all dogs, Right atrial collapse could not be re•
liably and reproducibly determined using this view in our 
unanesthetized dogs, In none of the dogs was right ven•
tricular diastolic collapse present when the pericardial space 
was empty and no dog failed to develop collapse during any 
episode of cardiac tamponade, Once right ventricular dia•
stolic collapse was present, it persisted and became more 
pronounced and of greater duration as cardiac tamponade 
progressed, 
Discussion 
Right ventricular diastolic collapse as a marker of 
degree of tamponade. Cardiac tamponade is a continuous 
spectrum ranging from pericardial effusion with minimal 
hemodynamic impairment to effusion with severe cardiac 
compression and circulatory collapse (1-5,22), Right ven•
tricular diastolic collapse is well established as a marker of 
significant cardiac tamponade (2,6-8), We have previously 
reported (2) that during cardiac tamponade in normally hy•
drated animals, the onset of right ventricular diastolic col•
lapse occurs at a time when cardiac output has decreased 
about 20% from control levels but before there is a signif•
icant deterioration of arterial blood pressure, The dogs with 
euvolemia in this study showed a mean decrease from the 
baseline cardiac output of about II % at the onset of right 
ventricular diastolic collapse (p < 0,01), whereas mean 
aortic blood pressure remained stable, 
In the present study, we found that the onset of right 
ventricular diastolic collapse as a marker of the degree of 
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cardiac tamponade is sensitive to the status of the intravas•
cular volume, In the dogs with an expanded intravascular 
volume, the onset of right ventricular diastolic collapse oc•
curred significantly later in the hemodynamic progression 
of cardiac tamponade, It was present at a higher mean aortic 
blood pressure, higher mean cardiac output and higher ac•
cumulated intrapericardial pressure than in the analogous 
euvolemic group, Similarly, the dogs with a contracted in•
travascular volume, when compared with dogs with normal 
volume, exhibited the onset of right ventricular diastolic 
collapse at a lower mean aortic blood pressure, lower mean 
cardiac output and lower intrapericardial pressure, 
Intravascular volume and right ventricular diastolic 
collapse. These findings support case reports (19) of car•
diac tamponade in patients with low filling pressures and 
right ventricular diastolic collapse in the absence of any 
other evidence of cardiac tamponade, The finding that in•
travascular volume should have such a clear effect on right 
ventricular diastolic collapse is reasonable considering the 
pathophysiology of cardiac tamponade (3,22), Right ven•
tricular diastolic collapse is a pressure-related phenomenon 
reflecting the effects of a transmural pressure gradient across 
the right ventricular free wall between the right ventricular 
chamber and the accumulating intrapericardial fluid, At the 
onset of right ventricular diastolic collapse, the intraperi•
cardial pressure exceeds the right ventricular pressure, caus•
ing abnormal motion or invagination of a portion of the right 
ventricular free wall. The right ventricular pressure-volume 
relation with pericardial effusion has been delineated (23), 
and a negative pressure gradient in diastole between the 
right ventricle and the pericardial space during cardiac tam•
ponade has been described (24), In the setting of hypovo•
lemia, right ventricular diastolic pressure is decreased, thereby 
lowering the threshold intrapericardial pressure needed to 
exceed right ventricular cavity pressure and result in right 
ventricular diastolic collapse, In an analogous fashion, vol•
ume loading leads to an increase in the right ventricular 
diastolic pressure and increases the intrapericardial pressure 
at which right ventricular diastolic collapse would occur 
during cardiac tamponade, 
The rate of rise of heart rate during cardiac tamponade 
is less rapid in the volume-expanded state than during hy•
povolemia or euvolemia, This suggests that during hyper•
volemia the animal is less dependent on increased heart rate 
to maintain aortic blood pressure and cardiac output. 
Role of volume infusion in cardiac tamponade. Some 
comment on the role of volume infusion in the treatment of 
cardiac tamponade is appropriate, Direct compression of the 
right heart chambers by pericardial fluid under pressure re•
sulting in decreased right ventricular stroke volume and 
pulmonary blood volume has been postulated (25) to be an 
important mechanism leading to the decrease in systemic 
cardiac output seen during acute cardiac tamponade, Re•
cently, others (26) have suggested a major role for biatrial 
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compression by the accumulating pericardial effusion. The 
value of volume infusion in improving experimental cardiac 
tamponade has been emphasized by several investigators 
(12-15,23,27). In our study, animals receiving volume in•
fusion showed evidence of preservation of mean aortic blood 
pressure and mean cardiac output at any given level of 
intrapericardial pressure. Furthermore, there was a lower 
percent decrease in cardiac output from baseline at every 
level of intrapericardial pressure for the hypervolemic group 
compared with the hypovolemic or euvolemic groups. The 
hypovolemic and euvolemic animals defended against a 
change in cardiac output during cardiac tamponade to about 
the same extent. Our data suggest that there may exist a 
family of curves relating arterial blood pressure and cardiac 
output to intrapericardial pressure during cardiac tamponade 
which depend on the magnitude of the intravascular volume. 
Although we have not demonstrated it in our present study, 
it may be possible using volume infusion to move from a 
point on one curve to a more advantageous point on another 
curve. 
Clinical implications. A number of investigations 
(1,3,4,16,22) have applied the results of animal models of 
experimental cardiac tamponade to treatment strategies in 
patients with cardiac tamponade. We believe that caution 
should be exercised in making such applications. Kerber et 
al. (17) revealed disappointing results from volume loading 
and aftetload reduction in patients with cardiac tamponade, 
although canine models had predicted potential therapeutic 
benefits. In our canine model, we required an average of 
39.0 cc/kg of normal saline solution in addition to 8.1 cC/kg 
of dextran to volume load these animals before study. This 
is much higher than the 500 cc saline solution challenge 
employed by Kerber et al. in their patients before pericar•
diocentesis. We believe that additional clinical work is needed 
before the exact role of volume expansion in the treatment 
of patients with cardiac tamponade will be knowri. Cer•
tainly, the definitive therapy for significant cardiac tam•
ponade is pericardiocentesis or surgical drainage. 
Conclusions. In our canine model of cardiac tampon•
ade, the onset of right ventricular diastolic collapse occurs 
at a lower aortic blood pressure, cardiac output and intra•
pericardial pressure in hypovolemic than in euvolemic states 
and at a higher aortic blood pressure, cardiac output and 
intrapericardial pressure during hypervolemic states. Thus, 
volume expansion delays the decrease in cardiac output seen 
during cardiac tamponade in this conscious animal model. 
We thank Dennis J. Janzer, MSBE and Donna M. Peterson, BS for their 
technical assistance, without which these results could not have been re•
alized. We also thank Donna Weitzer for preparing the manuscript. 
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